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Summary 
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The  melding  of  state  of  the  art  capacitor  and  battery 
technology  has  been  demonstrated  to  result  in  a  hybrid  pulse 
power  system  exhibiting  many  desirable  characteristics.  Xn 
particular  the  use  of  a  high  energy  and  power  density  capacitor 
recently  developed  can  provide  multiple  bursts  of  energy  at 
high  power  before  requiring  recharge,  thus  reducing  the  power 
requirement  on  the  battery  in  certain  applications.  In  the 
extreme  case,  a  capacitor  can  be  developed  to  store  enough 
energy  to  meet  all  burst  power  requirements,  and  only  a  low 
power  battery  will  be  needed  to  replenish  the  charge  lost  in 
the  capacitor  due  to  leakage  current. 

The  hybrid  pulse  power  system  has  been  characterized 
thoroughly  to  establish  the  parametric  relationships  between 
duty  cycle,  power,  pulse  width,  load  resistance,  operating 
voltages  of  the  capacitor  and  the  battery,  and  current  capa¬ 
bility  of  the  battery.  These  relationships  ace  mostly  in  the 
form  of  correlations,  although  a  simple  model  is  found  to 
describe  the  system  behavior  quite  well  at  low  duty  cycles  and 
pulse  widths.  These  results  have  then  been  used  to  project  and 
optimize  system  performances  in  some  hypothetical  applications. 

Complete  characterization  of  hybrid  pulse  power  systems, 
however,  has  been  hampered  by  inadequate  equipment  and  time. 
Thus  it  has  not  been  possible  to  examine  the  application 
involving  duty  cycles  with  multiple  power  bursts  followed  by 
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charging  of  the  capacitor,  or  systems  having  as  their  primary 
energy  source  batteries  other  than  the  lithium/S02  cells 
utilized  in  our  investigation  thus  far.  Nevertheless  it  has 
become  clear  that  the  lithium  nonaqueous  battery  has  relatively 
low  current  density  (5  MA/cm2 )  and  may  be  unsuitable  for  high 
duty  cycle,  burst  power  applications. 

Some  projections  have  been  made  for  the  performance  of  the 
hybrid  pulse  power  system.  Depending  on  the  duty  cycle  and 
energy  requirements  of  the  application,  power  density  as  high 
as  800  kw/kg  and  energy  density  approaching  that  of  lithium 
batteries  (0.5  kwh/kg)  are  achievable,  but  would  require  care¬ 
ful  design  and  optimization  of  the  system  components  and  their 
parameters. 


I.  CONSTRUCTION  OF  THE  ULTRACAPACITOR 

A  36V,  0.3F  ultracapacitor  was  fabricated  using  technology 
developed  at  Pinnacle  Research  Institute  under  DOD  funding. 
Detailed  construction  of  the  device  is  illustrated  in  Figure  1 
and  a  picture  of  it  is  shown  in  Figure  2.  The  capacitor 
consists  basically  of  a  stack  of  thin  titanium  electrode  disks, 
separated  by  glass  fibrous  papers  in  the  middle  and  thin  rings 
of  viton  gaskets  along  their  circumferences.  Each  electrode  is 
coated  on  both  sides  by  a  proprietary  material  which  is  a  mixed 
metal  oxide  to  account  for  its  charge  storage  capacity. 

Sulfuric  acid  is  used  as  an  electrolyte  which  is  imbibed  by  the 
glass  fibrous  separator  and  also  fills  the  interelectrode  gaps. 
The  active  volume  of  the  device  is  calculated  to  be  10,3  cc, 
based  on  an  active  area  of  14.6  cm2  (1,7  in,  dia.)  and  a  stack 
height  of  0.704  cm.  Internal  impedance  of  the  device  was 
measured  with  a  GenRad  Digibridge  to  be  70  mohms  at  1  kHz,  and 
the  leakage  current  was  5.3  mA  at  full  charge.  This  capacitor 
was  designed  to  provide  a  maximum  output  power  of  3,2  kW  with 
minimal  size. 
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HOLES  FOR  ALIGNMENT 


gure  2 


A  Photograph  of  the  Ultracapacitor  constructed 
for  the  Hybrid  Pulse  Power  System 
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II.  DISCHARGE  CHARACTERISTICS  OF  THE  ULTRACAPACITOR 


Discharge  experiments  were  conducted  with  a  pulse  tester 
fabricated  in  house  (Fig.  3).  The  test  circuitry  consisted 
primarily  of  a  parallel  arrangement  of  FET  switches,  which 
were  activated  by  a  voltage  signal  from  a  "clocked*  power 
supply.  The  timing  mechanism  was  electronic  to  permit  rapid 
changes,  down  to  0.1  msec,  in  the  voltage  from  the  power 
supply.  Data,  in  the  form  of  voltage  and  current,  were 
collected  with  oscilloscopes.  A  digital  oscilloscope  was  used 
for  maximum  data  accuracy,  but  an  analog  oscilloscope  was 
sometimes  preferred  for  variable  time  intervals  of  data 
sampling,  as  required  when  the  pulses  were  spaced  far  apart. 

A.  Characteristics  of  a  Single  Pulse 

A  typical  discharge  pulse  of  the  ultracapacitor  across 
a  constant  resistive  load  is  as  shown  in  Fig.  4.  The  maximum 
power  output  is  accompanied  by  a  rapid  drop  in  voltage,  followed 
by  a  more  gradual  decline  along  a  constant  RC  discharge  curve. 
The  time  constant  for  this  latter  portion  of  the  voltage  decay 
suggests  an  effective  capacitance  of  0.076F  for  the  capacitor, 
still  considerably  less  than  the  capacitance  for  charge  storage 
in  this  device.  This  anomaly  is  at  present  not  well  understood, 
but  ongoing  research  with  AC  Impedance  technique  is  expected  to 
shed  some  lights  on  this  intriguing  subject. 
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Figure  3.  Experimental  Setup  for  the  pulse  testing  of 
Capacitors 
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Figure  4,  Discharge  power  of  the  Dltracapacitor  across  a  constant  load  at 
0,08  ohm,  matching  the  internal  impedance  of  the  device. 


The  discharge  of  the  ultracapacitor  behaves  much  like  ore 
whose  capacitance  varies  with  time  due  to  some  internal  tran¬ 
sient.  For  a  long-duration  discharge,  the  effective  capacitance 
CQff,  defined  as 


Ceff  = 


dV 

3t 


2 


R  dlnP 
dt 


(1) 


where  P  is  power,  V  is  open  circuit  voltage,  i  is  current  and  R 
is  the  total  circuit  resistance,  approaches  the  capacitance  for 

charge  storage  asymptotically.  Further,  the  time  dependent 

ceff  not  significantly  affected  by  the  rate  at  which  the 

capacitor  is  discharged,  as  suggested  by  a  comparison  of  the 

results  shown  in  Fig.  S  with  those  in  Fig.  4.  Figure  4  gives  a 

ce££  °*0?6F  after  3  msec  whereas  Figure  5  gives  Ce£g  of 

0.063F,  not  significantly  different.  Xn  addition,  Cegg  does 

not  vary  significantly  with  the  initial  voltage  of  the 

discharge. 

The  observation  that  the  power  is  proportional  to  initial 
open  circuit  voltage  (OCV)  on  the  capacitor  to  the  1.8th  power 
rather  than  the  2nd  could  be  explained  by  a  voltage-dependent 
internal  impedance  for  the  ultracapacitor,  as  shown  in  Fig,  6. 
The  results  presented  were  obtained  from  the  initial  measured 
power,  at  10  usee,  and  the  assumption  of  no  change  in  OCV  for 
the  first  10  ysec  of  discharge. 

Following  a  discharge,  the  OCV  of  the  ultracapacitor 
typically  increases  somewhat  for  a  short  time  period.  This 
voltage  recovery  remains  to  be  further  investigated  in  a  future 
research  program. 
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Figure  5.  Discharge  power  of  the  Ultracapacitor  across  a  constant  load  at 
0.144  ohm. 


DEVICE  IMPEDANCE  vs  VOLTAGE 


DEVICE  VOLTAGE 

Figure  6.  Despondence  of  the  internal  impedance  of  tho 
Ultracapacitor  on  ito  open  circuit  voltage. 


Perhaps  of  greater  interest  here  is  the  average  power  in  a 
pulse,  and  this  is  summarized  in  Fig.  7.  The  average  power 
increases  as  the  pulse  duration  shortens,  and  also  can  be 
maximized  by  selecting  the  proper  load  resistance,  which  is 
generally  larger  than  the  internal  impedance  of  the  capacitor. 
The  highest  average  power  that  can  be  obtained  for  a  3  msec 
pulse  is  about  1.37  kW.  Therefore  the  burst  energy  per  pulse 
is  4.1  J,  only  2.8%  of  the  total  stored  energy.  The  pulse 
energy  density  of  our  ultracapacitor  is  thus  0.4  HJ/M3,  still 
compared  favorably  with  energy  densities  of  other  types  of 
capacitors  (e.g.  electrolytic  has  about  0.1  MJ/M3).  By  extrap¬ 
olating  to  larger  pulse  width?  higher  pulse  energy  density  can 
be  obtained.  For  example  Fig.  8  shows  that  with  a  10  msec 
pulse,  the  energy  density  becomes  1.1  MJ/M3  as  calculated  from 
the  graph.  In  addition,  given  the  same  battery  power  ana  space 
available  for  capacitors,  our  ultracapacitor  can  provide  the 
burst  mode  as  shown  in  Fig.  9  and  is  thus  much  more  versatile. 
This  feature  is  more  clearly  illustrated  by  results  reported 
below. 

B.  Characteristics  of  Pulse  Trains 

With  the  pulse  tester  shown  previously  in  Fig.  3,  series 
of  current  pulses  were  produced  from  our  ultracapacitor  with 
energy  stored  from  a  single  cycle  of  charging,  as  follows. 

The  capacitor  was  first  charged  to  30  V,  then  pulse  discharged 
across  a  0.08  ohm  load  with  variable  pulse  intervals,  i.e. 
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Figure  7. 


LORD  RESISTANCE  ohm 

Average  pulse-discharge  power  of  the  Oltracapacito?' 
as  a  function  of  load  resistance  for  several  pulse 
durations . 
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rest  time  between  successive  pulses,  and  pulse  widths. 

Due  to  limitations  of  the  oscilloscope,  only  one  pulse 
could  be  recorded  for  every  discharge  experiment.  Hence  to 
examine  a  series  of  fifteen  pulses,  fifteen  identical  dis- 
charge  experiments  had  to  be  performed. 

Results  obtained  are  highlighted  in  Fig.  10  and  11.  It 
can  be  seen  that  the  rate  of  relative  power  loss  is  highest 
for  the  initial  pulse,  and  becomes  considerably  less  thereafter. 
The  fractional  change  in  power  after  every  pulse  can  also  be 
reduced  by  increasing  rest  intervals  between  pulses,  as  a 
consequence  of  the  voltage  recovery  phenomenon  alluded  to 
earlier.  On  the  whole,  an  average  power  level  of  approximately 
1  kw  can  be  sustained  for  a  series  of  15  pulses  with  the  present 
ultracapacitor.  Variable  load  resistance  could  be  employed  if 
truly  uniform  power  were  desired  from  pulse  to  pulse. 

An  intrinsic  power  density  of  about  100  MW/M3  could  there¬ 
fore  be  realised  for  a  series  of  fifteen  1  msec  pulses.  In 
addition,  such  short  bursts  of  energy  could  be  released  with 
variable  time  Intervals  in  between  without  regard  to  the 
charging  power  of  the  battery. 

The  only  practical  limit  on  this  unique  capability  of  the 
ultracapacitor  is  the  P/E  ("burst*  power  to  total  energyj  ratio 
of  the  specific  application  for  the  pulse  energy  system.  Where 
the  P/E  is  less  than  that  of  the  ultracapacitor,  presently  at 
6,7  sec**1  at  peak  power,  more  than  a  single  charge  of  the 
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Figure  10.  Average  pulse  power  in  a  aeries  of  fifteen  1  msec 
pulses 
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Figure  11.  Average  pulse  power  in  a  series  of  fifteen  3  msec 
pulses 
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ultracapacitor  is  required.  The  flexibility  afforded  by 
variable  pulse  intervals  is  then  possible  only  within  a  duty 
cycle  but  the  period  of  the  cycle  is  bounded  from  below  by  the 
minimum  time  to  charge  with  the  battery. 

Comparison  of  Fig.  10  and  11  shows  that  the  average  power 
from  three  1  msec  pulses  is  higher  than  the  average  power  from 
one  3  msec  pulse.  Hence  the  "burst"  power  density  can  be 
optimized  for  specific  applications.  Furthermore  since  the 
average  power  decreases  as  more  energy  is  extracted  from  the 
capacitor  per  duty  cycle,  there  is  a  compromise  between  useful 
power  and  energy  density  for  this  power  component. 

In  Fig.  12,  the  pulse  power  density  of  our  present  ultra- 
capacitor  is  plotted  against  the  useful  energy  density  for  a 
duty  cycle.  The  latter  parameter  may  be  significant  in  that 
it  is  the  total  burst  energy  which  can  be  released  at  a  faster 
rate  than  the  discharge  rate  of  the  battery.  It  can  be  seen 
that  the  useful  energy  density  generally  increases  at  the 
expense  of  the  pulse  power  density,  but  appears  to  approach 
various  limiting  values  depending  on  the  pulse  width  and 
interval.  Practically  these  limits  would  never  be  reached 
since,  once  the  power  density  of  the  ultracapacitor  fell  below 
that  of  the  battery,  power  conditioning  through  the  capacitor 
would  no  longer  be  required. 
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DENSITY  PPRRMETERS  OF  UL  TRRCRPRCI TOR 
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Figure  12.  Trade-offs  between  useful  power  and  energy  densities 
for  the  Ultracapacitor  as  the  number  of  pulses  in  a 
duty  cycle  increases. 
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The  observation. 


o£  a  smaller  pulse  width  leading  to  greater 


power  for  the  same  useful  energy  output  is  believed  to  be  gener¬ 
ally  true.  The  reason  is  that  the  energy  which  is  released 
early  in  a  pulse  discharge  is  stored  in  the  more  readily 
accessible  sites  in  the  ultracapacitor  electrodesi  hence  giving 
higher  power  due  to  a  faster  rate  of  release.  After  a  discharge, 
energy  is  redistributed  evenly  amoung  all  sites  in  a  recovery 
period.  This  redistribution  effectively  increases  the  power 
density  of  the  ultracapacitor.  With  pulses  of  shorter  duration, 
less  energy  is  expended  per  pulse.  Therefore  the  stored  energy 
is  allowed  to  redistribute  more  frequently  before  it  is 
released,  and  the  derived  power  is  greater. 

To  pursue  this  important  finding  further,  series  of  pulses 
with  0.1  msec  duration  were  examined.  As  shown  in  Figure  13, 
average  pulse  power  after  100  pulses  remained  quite  high, 
corresponding  to  a  power  density  of  134  MW/M3  for  our  ultra-* 
capacitor.  The  useful  energy  density  at  this  point  was  calcu¬ 
lated  to  be  1.6  MJ/H3,  In  comparison  the  power  density  of  a 
series  of  1  msec  pulses  had  fallen  to  less  than  100  MW/M3  after 
the  same  amount  of  energy  was  delivered. 

Another  important  observation  seemed  to  be  that  in  spite  of 
the  frequent  on/off  switching  of  our  ultracapacitor,  as  with  the 
0.1  msec  pulse  series,  no  significant  loss  in  power  or  useful 
energy  density  could  be  discerned.  A  single  charge  of  our 
ultracapacitor  could  produce  a  great  number  of  pulses,  provided 
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Fig.  13.  Average  pulse  power  in  a  series  of  100  0.1  ase c  pulses 


that  the  pulse  width  was  sufficiently  small.  This  characteristic 
may  be  particularly  advantageous  in  applications  where  pulse 
count  is  more  important  than  pulse  energy. 
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III.  BATTER*  DESIGN 


Present  design  considerations  for  the  battery  in  the  hybrid 
pulse  power  system  are  primarily  discharge  voltage  and  current, 
although  other  characteristics  such  as  energy  density,  shelf 
life,  operating  temperature  and  safety  nave  also  played  some 
role  in  the  battery  selection.  Since  the  pulse  power  system  may 
have  more  applications  than  one,  our  present  choice  is 
necessarily  tentative. 

Lithium-sulfur  dioxide  battery  became  the  first  choice  for 
our  present  research  after  considering  the  various  factors 
stated  above.  It  then  remained  to  determine  the  required 
voltage  and  current  outputs,  which  in  turn  would  be  related  to 
the  duty  cycle  of  capacitor's  discharge. 

A.  Relationship  between  Duty  Cycle  and  Voltage-Current 
Rating  .>f  the  Battery 

Witnin  each  duty  cycle,  in  which  more  than  one  pulse 
can  be  delivered,  charging  of  the  capacitor  can  take  place 
between  consecutive  pulses,  or  after  the  series  o.C  pulses  has 
been  delivered.  The  former  case  is  more  time  efficient,  but 
the  latter  is  more  easily  analysed.  Therefore  the  latter  case 
will  be  considered  first. 
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1.  Mathematical  Modeling 

The  governing  mathematical  relationships  between  various 
system  parameters  are  as  follows s 

1  2  2 

(l)  — c  -  Vj.ec  )  =  e,  constant 


Here 

E  =  energy  consumed  per  discharge  cycle 

Vinit  =  initial  open  circuit  voltage  (OCV)  of 
the  capacitor 

vrec  =  recovered  OCV  of  the  capacitor  after  the 
discharge  ,  . 

C  =  charge-storage  capacitance 


(2)  VB  (I)  -  V 

- - —  =  Rc  +  t 

I 

wh&re  VB(I)  is  the  output  voltage  of  the  battery, 

V  is  the  OCV  of  the  capacitor  during  charge, 

Rc  is  the  shunt  resistance  in  the  charging 
circuit 

r  is  the  internal  impedance  of  the  capacitor,  ^nd 
I  is  the  charging  current  to  the  capacitor 


(31 


(4) 

(5) 


1  S.  -Wx 


where  Ima>{  is  the  maximum  rated  current  for  the 
battery  (lithium-based) 


virtit 


^  G,  'a  constant  for  a  given  operating  voltage 


rc 
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Equation  (4)  is  a  characteristic  of  our  ultracapacitor. 
For  V£nit  =  36V,  rC  =  23  msec  with  the  present  ultracapacitor 
constructed.  However  further  research  on  our  capacitor  tech¬ 
nology  can  improve  the  values  for  these  parameters. 

2.  Time  Required  for  Charging 

Charging  of  the  capacitor  is  governed  mainly  by  Eqs.  (2) 
and  (5).  These  equations  are  deceptive  in  that  although  they 
appear  simple,  VB  (X)  is  actually  a  non-analytic  function  of 
I*,  and  the  equations  in  general  mu3t  be  solved  numerically, 
subject  to  the  boundary  conditions: 

(6)  t  =  0,  V  =  Vrec 

(7)  t  ♦  “  V  =  VB(I) 

Design  calculation  is  simplified,  however,  by  the  approx¬ 
imation  that 

<8)  VB(I)  »VB°.»IRB 

where  ftB,  the  internal  impedance  of  the  battery,  is  assumed 
constant. 

Substituting  Eq.  (5)  into  (2)  and  making  use  of  Eq.  (8) 
above,  it  is  obtained  that 

'  -  dV  , 

(9)  VB°  =>  V  +  (R+r)  C  - 

dt 

where  R  «  RB  +  R^ 

Eq.  (9)  can  be  simply  integrated  to  give  a  charging  time  of 
tChg  as  follows 

*  VB(I)  may  also  contain  transients  due  to  anodic 
passivation. 
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VB°-Vrec 

(10)  tchg  =  (R  +  F)c  In  -■■■- - 

v6  ~vinit 

R  vinit  vB°"vrec 

=  (-  +  1)  -  In  - 

r  G  vB°“vinit 

by  Eq.  (4). 

The  shortest  time  for  charging  is  thus  achieved  by  maxi¬ 
mizing  the  ratio  of  r/R,  or  with  Rc  =  0  and  r  is  large  enough 
that  the  initial  charging  current  does  not  exceed  Imax« 
combining  Eqs.  (2),  (3)  and  (8),  the  following  constraint  on 
the  value  of  r  is  obtained. 


(11)  VB°  -  vrec 

- - -  £  *max 

R  +  r 

Using  Eq.  (1)  to  eliminate  Vr6C,  and  eq.  (4)  to  replace  C  by 
r,  it  then  follows  that 

2  ERG  2EG 

(12)  <VB«2  -  Vinit2,  .  - - -  +<_. -  -  2VS» 

vlnit  vinlt 

+Inax2  (R«>2  <  ° 

clearly  r  is  maximum  when  the  expression  above  equals  zero. 
Solving  the  resulting  quadratic  equation  for  R+r,  one  obtains  a 
rather  complex  expression  for  R+rmax. 
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(13)  '  .  >■' 

EG  EGR 

R+rmax  -  < - - —  -VB°)2+2< -  -VB02+Vinit2) 

vinitImax  vlnit 


vinitImax 


Imax 

However  a  simplification  is  afforded  by  the  rather  common 
occurrence  that 

ERG 

2  ( -  ~V2+Vinit2) 

Vinit 


is  much  less  than 

EG  „  * 

( -  -  Vb’)2 

Imaxvinit 

because  E  *  1/2  C  V2init  and  Vinij;/Imax>>R»  80  that 
the  above  expression  for  R+r  reduces  to: 

(14) 


R*rmax  " 


R  -  (¥B02-Vinit2»  Vimt/EG 
1  -  Vg9  lmaRvinit 


EG 


The  minimum  time  required  to  charge  the  capacitor  between 
duty  cycles  is  then  given  by  Eq,  (10)  and  the  above  as 


(15) 

tchg 


1  -  (VBoa-Vlnit) 


Vinit 

EGR 


VB°I 


max 


-  <VB°2-Vtnlt2)/BR 


•  In 


When  vinit  *  VB°, 


v  -  % 


rec 


VB°  “  vinit 
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(16) 

fcchg  = 

where 


B  __  In  VB°“Vrec 
VB°lmax  vBU"vinit 

vB0lmax 

vB°-vrec  can  be  regarded 

In  - — 

vB°“vinit  . 


as  the  average  charging  power  of  the  battery.  It  can  thus  be 
be  seen  that  the  effective  charging  power  depends  not  only  on 
the  characteristics  of  the  battery,  but  on  the  capacitor's 
voltage  as  well. 

3.  Duty  Cycle 

The  maximum  duty  cycle,  in  frequency  units,  of  our  hybrid 
pulse  power  system  can  be  simply  estimated  as 

1 

Discharge  time  +  tChg  in  Eq.  (15) 

\ 

However  in  practice,  the  duty  cycle  can  be  increased  over  the 
design  value,  by  discharging  the  battery  above  the  limit 
suggested  by  its  supplier,  and  by  partial  charging  of  the 
capacitor  between  pulses.  The  actual  limit  on  the  duty  cycle 
therefore  remains  to  be  investigated  further  in  an  experimental 
program.  This  is  being  planned. 
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B.  Battery  Specifications 

Potential  suppliers  of  lithium-sulfur  dioxide  batteries  were 
contacted  regarding  general  performance  characteristics  of  this 
type  of  batteries  as  well  as  their  availability.  Presently  a 
24V  nominal/  2  amp  lithium-sulfur  dioxide  battery  appeared  suitable 
and  would  be  available  from  Duracell  within  a  short  time  period. 
With 

VB°  =  24V  and  Imax  =  2  amp 

a  resistive  shunt  was  necessary  for  the  charging  of  the  current 
ultracapacitor  constructed.  Nevertheless  Gq.  (15)  remains 
approximately  correct  with  V£nit  =  23V.  Then  for  the  maximum 
depth  of  discharge,  E  =  1/2C  VinitQ2  -  87  Joules  and 
vrec  *  °*  The  time  required  for  charging  is* 
tchg  s  6  sec 

and  the  maximum  duty  cycle  by  design  is 


=  0.14  Hz 


1  sec  +  6  sec 

given  the  battery  supplies  available.  This  corresponds  to  about 
2  pulses/sec,  still  sufficient  for  the  purpose  of  extrapolation. 

The  mathematical  model  used  in  the  above  design  calculations 
remains  to  be  verified,  however,  by  comparison  of  experimental 
observation  on  the  charging  of  the  ultracapacitor  by  selected 
batteries  with  model  prediction  and  this  is  planned.  Practical 
theory  lays  the  foundation  for  designing  hybrid  pulse  energy 
systems  to  match  specific  applications. 
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IV.  HYBRID  PULSE  ENERGY  SYSTEM 


A.  Description 

The  hybrid  pulse  energy  system  combines  the  high  power 
output  of  our  ultracapacitor  with  the  high  energy  density  of  a 
lithium  battery  to  provide  sustained  bursts  of  energy  at  high 
power.  The  diagram  in  Figure  14  depicts  this  systems.  To  avoid 
conditions  approximating  short  circuiting  for  the  lithium 
battery#  load  resistor  Rq  was  included  in  the  charging 
circuit.  The  load  resistance  was  selected  to  limit  the 
battery's  current  to  a  maximum  value,  but  could  be  removed  if 
the  condition  specified  by  Eg.  (11)  was  met. 

The  physical  dimension  of  the  battery  is  6.2  cm  x  11.2  cm 
x  12.7  cm.  It  is  therefore  much  bulkier  (about  85  times)  than 
the  ultracapacitor  and  its  overall  weight  (including  circuits 
with  diodes  and  fuze)  is  1  kg. 

B.  Charging  Characteristics  of  the  Battery/Capacitor 
Couple 

The  lithium  battery  was  used  to  charge  the  ultracapacitor 
across  various  load  resistors  Rq  to  examine  the  validity  of 
equations  (9)  and  (10).  By  these  equations  the  plot  of  In 
(VB°-V)/VB°  against  time  should  yield  a  straight  line. 
Experimental  results  mostly  bore  out  this  prediction,  as  shown 
in  Figures  15  and  16.  However  it  was  found  that  VB°  in  the 
equations  must  be  replaced  by  Vmax  given  by 

(17)  vmax  55  VB°  ”  ^leak  R 
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-V<T)/Vmax 


UL  TRRCRP  CHRRGINGBY  LI  BRTTERY 


TIME  sec 


Fig.  IS.  Voltage  on  the  Ultracapacitor  during  charging  from 
rest  by  a  lithium/S02  battery  across  various 
resistors  R. 
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ULTRRCRP  CHARGING  BY  LI  BRTTERY 


where  liieak  is  the  leakage  current.  The  inverse  of  the  slopes 
of  these  plots  gave  time  constants  which,  when  plotted  against 
Rc,  should  yield  a  straight  line  with  the  slope  equal  to  the 
capacitance  C  of  the  capacitor  and  an  intercept  equal  to(%  + 
r)C.  Figure  17  showed  that  this  was  indeed  the  case,  with  C  = 
0.285  F  and  Rg  *  5  ohms.  Hence  the  model  equation  did  describe 
the  charging  behavior  of  the  hybrid  pulse  energy  system  very 
well. 


Equation  (9)  also  indicates  that  the  charging  characteris¬ 
tics  are  functions  of  the  total  resistance  R,  but  not  on  Rg  and 
Rc  independently.  Hence  the  use  of  variable  resistors  in  the 
charging  circuit  simulates  the  performance  of  batteries  with 
different  sizes,  as  described  in  the  section  below. 


C.  Duty  Cycle  Measurements 

The  duty  cycle,  defined  as  the  number  of  pulses  ob¬ 
tained  from  the  hybrid  pulse  energy  system  per  second,  was 
determined  experimentally  by  the  following  procedure.  The 
capacitor  was  initially  charged  to  a  certain  voltage  Vinit.  It 
was  then  pulse  discharged  across  a  fixed  load  of  80  raohms  for 
time  intervals  of  0.1,  1  and  3  msec  corresponding  to  different 
pulse  widths.  Following  the  discharge  in  a  single  pulse,  it  was 
immediately  recharged  by  the  lithium  battery  to  the  initial 
voltage  The  time  required  for  charging  was  recorded  as 

tChg*  and  the  duty  cycle  was  simply  calculated  as 

1 

fcchg  +  Pulae  width 
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CHARGING  TIME  CONSTANTS  VERSUS  LOAD 


This  duty  cycle  thus  corresponds  to  an  application  in  which  the 
burst  mode  (a)  of  Fig.  9  is  the  desired  output.  The  more  com¬ 
plex  output  of  burst  mode  (b)  in  the  same  figure  is  beyond  the 
capability  of  existing  equipment  and  hence  not  yet  examined 
experimentally. 

The  performed  experiments  therefore  measured  the  duty  cycle 
as  a  function  of  and  pulse  width.  Moreover  the  maximum 

current  from  the  battery  during  the  charging  portion  of  the  cycle 
determines  the  minimum  battery's  size  that  would  be  required  for 
the  observed  output  from  the  pulse  power  system. 

As  an  example ,  figs.  18  and  19  show  the  typical  results 
obtained  with  our  duty-cycle  measurements.  Here  the  capacitor's 
voltage  and  current  from  the  battery  following  a  pulse  discharge 
of  the  capacitor  for  3  msec  were  monitored  as  a  function  of  time. 
It  can  be  seen  that,  due  to  relaxation  phenomena  in  the  capacitor 
after  a  discharge,  and  polarization  phenomena  in  the  battery, 
the  charging  characteristics  deviate  somewhat  from  that  predicted 
by  Eq.  (9)  and  depicted  in  Figs.  15  and  16  earlier*  However 
most  of  the  deviations  occur  within  the  first  0.5  sec  of 
charging,  so  that  for  duty  cycle  considerably  less  than  2  Hz,  the 
rather  simplistic  model  presented  in  Section  III.  A.l  remains  a 
good  approximation. 

For  duty  cycle  of  2  Hz  or  above,  the  present  model  still 
predicts  the  experimental  trends,  as  summarized  in  Figure  20. 

The  results  clearly  indicate  that  decreasing  the  voltage  on  the 
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CPPRCITOR  CHARGING  RFTER  R  PULSE 


CRPRCITOR  CHRRGING  RFTER  R  PULSE 


Ro  «  19.65  ohms 
9  msec  Pulses 


Vlnlt  -  23 

Slope— 1.0956-01 
Intercept*1  3. 9006-01 
Corr.  Coeff.-  9.9926-01 


Vlntt  -  27 
Slope— 9.0016-02 
Intercept**  1.963E-02 
Corr.  Cooff.-  9,3776-01 


Fig.  19. 


TIME  soc 


Long-tirae  behavior  of  ultracapacitor's  voltage 
during  charging  ioaiediately  after  a  pulse  disc 


discharge. 


DUTY  CYCLE:  vs  chrrging  current 


capacitor  has  a  beneficial  effect  on  the  duty  cycle.  In 
addition,  the  duty  cycle  is  proportional  to  maximum  current  from 
the  battery  for  1  msec  pulses  output,  as  predicted  by  Eq.  (16). 
However  for  3  msec  pulses  the  model  did  not  fare  as  well, 
probably  as  a  result  of  the  longer  relaxation  time  for  the 
capacitor  following  a  3  msec  discharge  versus  1  msec. 

D.  Performance  Projections 

With  further  research  and  development,  the  performance 
level  of  the  hybrid  pulse  power  system  can  be  raised  orders  of 
magnitude  above  that  demonstrated  for  the  prototype  system  in 
this  work.  Important  applications  which  require  hundreds  of 
megawatts  of  burst  power  such  as  rail  gun  can  enjoy  the  advan¬ 
tages  of  our  pulse  power  system,  assuming  that  ultracapacitors 
of  a  much  increased  size  can  be  fabricated  without  significant 
performance  degradation.  Furthermore,  improvements  in  the 
energy  and  power  densities  of  the  ultracapacitor  or  battery  can 
lead  to  systems  of  reduced  sizes  and  weights. 

Extrapolation  of  the  hybrid  pulse  power  system  first  to  one 
capable  of  delivering  100  MW  bursts  of  energy  can  be  performed  by 
assuming  no  change  in  the  energy  and  power  densities  of  both  the 
capacitor  and  the  battery.  The  following  relationships  can  be 
shown  to  apply. 

Battery  size  “  Maximum  charging  current 

Charging  current  *  Size  of  capacitor 
Size  of  capacitor  «  Burst  power 


The  weight  of  the  battery  can  thus  be  extrapolated  from  the 
experimental  results  given  in  Figure  20,  and  then  plotted  in 
Figure  21  as  a  function  of  duty  cycle.  It  can  be  seen  that,  in 
general,  lowering  the  voltage  on  the  capacitor  can  reduce  sub¬ 
stantially  the  weight  of  the  battery.  Although  the  data 
correspond  to  some  rather  atypically  large  lithium  battery  packs, 
it  must  be  emphasized  that  they  do  not  necessarily  represent 
real  situations.  For  example  it  may  well  be  that  the  burst  model 
(b)  shown  in  Fig.  9  describes  the  actual  application.  This 
situation,  however,  has  not  been  examined  in  detail  due  to 
limitations  with  existing  test  equipment.  Nonetheless  it  can  be 
deduced  that  here  the  duty  cycle  for  charging,  which  determines 
the  battery’s  weight,  may  be  quite  independent  of  the  duty  cycle 
for  pulse  discharges  which  determines  the  capacitor’s  weight. 

This  feature,  peculiar  to  high-energy  density  capacitor,  can 
offer  significant  reduction  in  system's  size  and  weight  in 
certain  applications. 

As  an  example,  an  application  involving  a  pulse  frequency  of 
2  Hz  but  with  a  rest  interval  of  10  sec  between  series  of  pulses 
would  require  a  battery  weighing  about  20,000  kg  if  recharging 
were  needed  between  consecutive  pulses,  as  in  burst  mode  (a)  of 
Fig.  9.  However  with  the  ultracapacitor  operating  in  burst  mode 
(b)  charging  could  occur  during  the  rest  interval,  resulting  in  a 
battery  weighing  no  more  than  12,000  kg,  calculated  based  on 
Eq.  (16)  and  the  assumption  of  maximum  depth  of  discharge  in  each 
series  of  pulses. 


WEIGHT  of  Li  BRTTERY,  kg 


BRTTERY  NEIGHT  vs  DUTY  CYCLE 


DUTY  CYCLE,  Hz 

Pig.  21.  Projected  weights  of  lithium/SO  battery  in 
hybrid  pulse  energy  system  capable  of 
delivering  pulses  at  100  MW  peak  power. 
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The  weight  of  the  capacitor,  which  can  be  calculated  to  be 
1400  kg  based  on  a  power  density  of  72  kW/kg,  is  not  insignifi¬ 
cant  though  it  may  appear  small  compared  to  the  battery'.  Recog¬ 
nizing  that  the  size  of  the  battery  may  be  reduced  with  other 
types  of  batteries,  such  as  Silver  oxide-Zinc,  an  independent 
consideration  must  be  given  in  an  exploratory  research  program 
to  reducing  the  capacitor's  weight. 

Table  1  summarizes  the  state  of  art  and  near  term  perform¬ 
ance  goals  of  the  ultracapacitor.  With  a  power  density  of 
800  kW/kg,  the  weight  of  the  capacitor  can  be  reduced  further  to 
125  kg,  or  1250  kg  for  burst  power  of  one  gigawatt.  This  high 
performance  for  the  ultracapacitor  is  believed  realizable 
through  the  minimization  of  the  interelectroda  gap  and  the 
reduction  of  the-  electrode  thickness  in  the  stack  comprising  the 
main  body  of  the  ultracapacitor. 

The  size  of  the  ultracapacitor  may  in  certain  applications 
be  governed  by  its  energy  rather  than  power  density  as  previously 
assumed.  This  applies  when  the  burst  power  to  useful  energy 
(P/E)  ratio  of  the  capacitor  in  burst  mode  (b)  of  Fig.  9  exceeds 
the  same  ratio  required  in  a  duty  cycle.  As  an  example,  a  series 
of  1000  1  msec  pulses  at  peak  power  of  100  MW  requires  a  useful 
energy  of  about  55  MJ  (peak  to  average  power  in  a  pulse  approxi¬ 
mately  1.8  by  Fig.  4  and  7).  The  P/F  ratio  is  therefore 
1.8  sec*1  but  the  expected  ratio  Cor  the  u.ltracapacitor  is  about 
90  sec”1  as  seen  in  Fig.  12.  The  weight  of  the  capacitor  thus 
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TABLE  I 

PRI  ULTRACAPACITOR  -  WHERE  IT  IS  AND  WHERE  IT  CAN  GO 


Far  Terra* 

SOA 

SOA 

Energy  Density 

kJ/kq 

MJ/M3 

6.4 

20 

20 

64 

Power  Density 

kW/kq 

MW/M3 

72 

800 

220 

2500 

Voltage 

84 

>  lkV  t 

Maximum  Current  Density  (A/cm2) 

27 

66 

*  Based  on  component  parameters  below, 

1  mil  interelectrode  gap.  1  mil  Ti  substrate. 

t  Cells  can  be  stacked  to  attain  any  voltage. 


CURRENT  PHYSICAL  PARAMETERS  OF  PRI  ULTRACAPACITOR  COMPONENTS 


Ti  Substrate  Density 

Mixed  Oxide  Coating  Density 

Effective  Sheet  Resistance  in  a  Unit  Cell 

Interelectrode  Gap 
(Electrolyte  +  Separator  -  1  mil) 

Two  0.65  mil  thick  mixed-oxide 
layers  per  unit  cell 

Specific  Electrode  Capacitance 


4.5  gm/cc 

3.4  gm/cc 

7.98  mfl-cm2/cell 
9.24  mQ-cm2/cell 

1.5  G/cm2 
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becomes 


55  MJ 

-  =  86,000  kg 

0.64J/gm 

as  opposed  to  1400  kg  calculated  earlier.  Increasing  the  stored 
energy  density  from  6.4  kJ/kg  to  20  kJ/kg  should  lead  to  a  pro¬ 
portional  increase  in  useful  energy,  thus  reducing  the  size  of 
the  capacitor  to  27,500  kg. 

Further  advances  may  yet  be  achieved  through  alteration  of 
the  charge-storage  coating  on  the  ultracapacitor  electrode  to 
increase  its  specific  capacitance.  One  approach  involves  the 
use  of  thicker  oxide  coatings  on  the  electrode  to  increase  its 
capacitance  to  as  much  as  5F/cm2,  resulting  in  an  energy  density 
of 


1/2CV2  1/2  (2.5  F/cm2-cell)  (1.2  volt/cell)2 

. .  =  - - - - —  =  30  kJ/kg 

weight  (0.00254  cm  x  4.5  g/cc  +  50mg/cm2) 

assuming  a  1  mil  Ti  substrate  with  a  density  of  4.5  g/cc  and  a 
specific  capacitance  for  the  coating  of  0.2  F/mg-side.  This 
means  a  useful  energy  density  of  about  3  kJ/kg,  and  a  capacitor 
weighing  18,000  kg  for  1000,  1  msec  pulses  at  100  MW  peak  power. 
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Other  approaches! through  basic  materials  research  may  lead 
to  quantum  jumps  in  both  stored  and  useful  energy  densities. 
Minimizing  the  discrepancy  between  the  two  density  parameters 
reduces  the  weight  of  the  above  capacitor  to  1800  kg.  The 
surface  area  available  from  our  present  mixed  oxide  materials 
is  about  120  m2/gm.  High  surface  area#  conductive  materials 
do  exist  (e.g.  activated  carbon)  with  surface  areas  >1000 
m2/gm.  If  such  a  material  could  be  developed  and  affixed  to  a 
substrate  while  maintaining  its  surface  area#  an  energy  density 
>200  kJ/kg  could  be  the  new  technology  limit#  enabling  the  use  of 
only  capacitors  which  can  store  enough  energy  to  deliver  all  the 
pulses  needed  for  a  burst  power  application  without  recharging  by 
batteries.  In  this  scenario  only  a  low  power  battery  is  needed 
to  replenish  the  charge  lost  in  the  capacitor  due  to  leakage 
current. 

Even  if  high  battery  power  is  needed  for  charging  the 
capacitor,  batteries  that  can  operate  at  current  densities 
greatly  exceeding  that  of  the  nonaqueous  lithium  battery 
(recommended  current  density  at  5  mA/cm2)  are  available.  An 
aqueous  lithium  battery  recently  developed  by  PRI  and  Gould's 
Ocean  System  Division  can  operate  at  current  density  as  high  as 
1  A/cm2.  This  means  that  the  size  of  the  battery  can  be 
reduced  to  become  comparable  to  that  of  the  capacitor,  if  battery 
power  is  the  only  consideration  in  the  design  of  the  hybrid  pulse 
power  system.  The  actual  weight  of  the  system  must  therefore  be 
determined  on  a  case  by  case  basis  for  specific  applications. 
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V.  CONCLUSION  AND  SIGNIFICANCE 

Hybrid  pulse  power  systems  can  be  assembled  to  meet  a 
variety  of  continuous  and  burst  power  requirements*  Increased 
flexibility  is  afforded  by  the  use  of  a  recently  developed,  high- 
energy  density  capacitor  (the  PRI  ultracapacitor)  which  is 
capable  of  delivering  multiple  bursts  of  energy  at  high  power 
(>100  at  100  MW/m3)  before  requiring  recharge.  Consequently 
pulses  can  be  delivered  at  a  broad  range  of  time  intervals 
(down  to  milliseconds)  based  on  demands.  Furthermore  the  average 
power  in  a  pulse  is  approximately  50%  of  the  peak  power,  com¬ 
pared  to  much  lass  for  conventional  capacitors. 

Some  discrepancies  are  observed  between  the  stored  energy 
density,  and  useful  energy  density,  the  latter  being  somewhat 
less.  Further  research  on  our  capacitor  technology  can  minimize 
these  differences,  as  well  as  to  reduce  dramatically  the  bulki¬ 
ness  of  the  capacitor  in  applications  requiring  gigawatts  of 
burst  power. 

A  basis  for  the  optimal  design  and  performance  projections 
for  the  hybrid  pulse  power  system  was  established.  Parumetric 
relationships  between  pulse  width,  pulse  interval,  load  resis¬ 
tance,  initial  voltage  and  discharge  power  for  the  ultracapacitor 
were  investigated  and  found  to  be  readily  correlated.  The 
discharge  power  was  found  to  be  proportional  to  initial  voltage 
to  the  1.8th  to  2n<*  power,  and  was  maximum  at  load  resis¬ 
tances  slightly  greater  than  that  of  the  ESR  of  the  capacitor. 


In  a  series  of  pulses,  the  power  decreased  exponentially,  with 
the  decline  being  more  gradual  with  larger  intervals  between 
pulses.  A  consequence  was  that  there  was  a  tradeoff  between 
useful  power  and  energy  density. 

A  model  was  developed  for  the  hybrid  pulse  power  system  and 
found  to  be  quite  satisfactory  for  low  duty  cycle  and  small  pulse 
widths.  It  also  predicted  the  trends  of  the  experimental  data 
very  well.  Generally  the  limit  on  the  duty  cycle  is  raised  by 
increasing  the  current  capability  of  the  battery,  decreasing  the 
output  voltage  of  the  capacitor  (relative  to  that  of  the 
battery),  and  using  pulses  of  a  reduced  duration.  These  results 
were  obtained  with  a  single  pulse  in  each  duty  cycle  but  the  same 
conclusions  should  apply  for  multiple  pulses  per  cycle. 

Extrapolation  of  the  weights  of  the  lithium  battery  required 
for  an  assumed  application  showed  that  they  were  substantially 
larger  than  the  capacitor.  Alternate  batteries  with  higher  power 
densities  should  be  considered  for  optimizing  system's  weight 
when  burst  power  is  the  primary  goal.  In  another  approach  the 
capacitor  can  be  used  to  store  enough  energy  to  meet  all  burst 
power  requirements,  in  which  case  a  high-energy  density  battery 
will  be  useful  for  replenishing  the  charge  lost  in  the  capacitor 
due  to  leakage  current. 
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